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Numerous studies have demonstrated that protonated aliphatic amino acids,
[H2NCHRCO2H 1 H]
1, fragment in the gas phase to form iminium ions, H2N¢CHR
1.
Unfortunately none of these studies have probed the structure of the neutral(s) lost as well as
the mechanism of fragmentation. Three main mechanisms have been previously proposed: (1)
loss of the combined elements of H2O and CO; (2) loss of dihydroxycarbene (HO)2C: and (3)
loss of formic acid, HC(¢O)OH. Herein, ab initio and density functional theory calculations
have been used to calculate the key reactants, transition states, and products of these and
several other competing reaction channels in the fragmentation of protonated glycine. The loss
of the combined elements of H2O and CO is thermodynamically and kinetically favored over
the alternative formic acid or (HO)2C fragmentation processes. (J Am Soc Mass Spectrom
2000, 11, 687–696) © 2000 American Society for Mass Spectrometry
As part of our ongoing work into probing the gasphase reactivity of biological model com-pounds, we have been examining both their
bimolecular reactivity [1] as well as their collision-
induced dissociation reactions [2]. In the latter studies
we have been probing the mechanisms of the fragmen-
tation reactions of protonated amino acids and peptides
[2]. Along with labelling studies, multistage mass spec-
trometry (MSn) experiments [3] and independent syn-
thesis of product ions, we have also been using ab initio
calculations to gain insights into the structures and
energies of reactants, transition states, intermediates,
and products [2b].
Several other groups have examined the fragmenta-
tion reactions of protonated amino acids, formed under
a variety of ionization conditions such as chemical
ionization, fast atom bombardment, and laser desorp-
tion [3]. MS/MS experiments reveal that the simplest
amino acid, glycine, fragments via two pathways after
protonation: loss of CO [3f, 4] (eq 1) and the formation
of the iminium ion [CH2¢NH2]
1 [3f, 5]. The upper limit
of the activation energy for the formation of the imi-
nium ion has recently been measured to be 44.4 kcal
mol21 using energy-resolved MS/MS in a triple quad-
rupole instrument [6]. Because the neutral products are
generally not detected in these MS/MS experiments,
there is some question as to what they are for the latter
reaction. Three possibilities have been proposed in the
literature: (i) stepwise fragmentation resulting in the
combined losses H2O and CO (eq 2); (ii) loss of dihy-
droxycarbene (eq 3); and (iii) loss of formic acid (eq 4).
Using experimentally derived thermochemical data,
each of these reactions are predicted to be endothermic
[7].
1H3NCH2CO2H3 [H2NCH2
1 . . . H2O] 1 CO (1)
1H3NCH2CO2H3 H2NCH2
1 1 H2O 1 CO
~DH 5 132.8 kcal mol21) (2)
1H3NCH2CO2H3 H2NCH2
1 1 (HO)2C:
~DH 5 163.2 kcal mol21) (3)
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1H3NCH2CO2H3 H2NCH2
1 1 HC(¢O)OH
~DH 5 126.5 kcal mol21) (4)
Reaction 2 was first proposed by Harrison [3b] as the
most likely and has since been accepted by several
groups. The mechanism for this reaction is analogous to
the retro-Koch reaction and requires a translocation of
the proton from nitrogen to the OH group with subse-
quent loss of H2O and CO (Scheme 1, pathway A). This
intramolecular proton transfer is also consistent with
the “mobile proton” fragmentation model of amino
acids and peptides [8]. Proton transfer to the carbonyl
oxygen (Scheme 1, pathway B) has been proposed by
Wesdemiotis and co-workers [3f]. Reaction 3, loss of
dihydroxycarbene, has been suggested by Kulik and
Heerma [3a] based on their work with metastable ion
and collisional activation fast atom bombardment
(FAB) spectra of a number of protonated amino acids.
Reaction 4 was first proposed by Meot-Ner and Field
[3e] and more recently, Cassady and co-workers [9]
have suggested that this reaction may be possible due to
the direct analogy of the loss of hydrogen and alkanes
from protonated alkylamines (Scheme 1, pathway C).
The mechanism for such a reaction requires a four-
centered transition state, which might be expected to be
high in energy relative to the reactant ion. Indeed, an
analogous process involving loss of H2 from protonated
methylamine has been calculated to have a high activa-
tion barrier (82.9 kcal mol21 at the MP4/6-
3111G(2df,2pd)//MP2/6-31G(d,p) level of theory)
[10]. Field and co-workers have noted that HC(¢O)OH
loss (reaction 4) would be formed under more gentle
ionization conditions [3e, 3m].
There have been two attempts at the key experiment
to identify the nature of the [CH2O2] neutral(s) lost
using collision-induced dissociative ionization (CIDI)
(where the ionic fragments are deflected and the neutral
fragments are ionized via high energy collisions [11]).
The first [3a] found no evidence for an intact [CH2O2]
neutral product. More recently Beranova et al. carried
out similar studies to identify the neutrals formed
under both metastable ion (MI) and collisional activa-
tion (CA) conditions [3f]. Under MI conditions, insuffi-
cient neutrals were formed, thereby precluding analy-
sis. The CA experiments provided no appreciable
amount of an intact [CH2O2] neutral fragment. Thus,
both of these studies have suggested that reaction 2 was
preferred over reactions 3 and 4.
It became clear to us that information on the ener-
getic requirements for reactions 2–4, via computational
studies for geometry optimizations of the key minima
and transition states, could be compared to the experi-
mental activation energy of 44.4 kcal mol21 [6]. Prior to,
and during the course of our work, several other ab
initio studies of protonated glycine have been pub-
lished, but most of these have been associated with the
following aspects: (i) the energetics of protonation at the
various basic sites in neutral glycine; (ii) the numbers of
stable conformers of the various [M 1 H]1 isomers;
and (iii) the barriers to intramolecular proton transfer
between various [M 1 H]1 isomers [12]. The only stud-
ies to model the fragmentation of protonated glycine
have solely considered the transition state associated
with reaction 2 to calculate barriers of 43.9 and 51.8 kcal
mol21 at the MP2/6-31G*//HF/3-21G [6] and MP2/6-
31G** levels of theory, respectively [12f].
This work investigates the gas phase decomposition
of protonated glycine so as to provide insight into the
formation of the iminium ion via loss of water and
carbon monoxide, dihydroxycarbene, or formic acid.
Computational Methods
The decomposition pathways for protonated glycine
have been studied by calculating all geometries via ab
initio [13] (MP2/6-31G*) and hybrid density functional
theory [14] (B3LYP/6-31G*) methods using Gaussian 94
[15]. The MP2 calculations used the frozen core approx-
imation. All stationary points were verified to be min-
ima or transition states by vibrational frequency analy-
ses and analytical second derivatives. Each transition
state was confirmed to connect to its appropriate reac-
tant and product via careful optimization (opt 5 calcfc)
after displacement (10%) along the normal mode of the
imaginary vibrational frequency or by an intrinsic reac-
tion coordinate [16] (IRC) search. In the figures dis-
cussed below, the normal mode for the imaginary
vibrational frequency for each transition state is shown
as a displacement vector relative to the transition state’s
geometry.
In order to demonstrate consistent relative energies,
single point energy calculations, utilizing the frozen
core approximation, have been evaluated at the
QCISD(T)/6-311G** level using the B3LYP geometries
[17]. Only nonradical species and singlet carbenes were
considered in this study. Zero point vibrational energies
(ZPE) were scaled by 0.9806 for the B3LYP level and
0.9670 for the MP2 level [18]. Thermal and free energy
corrections, as generated by Gaussian, were used to
determine the D298H and D298G values relative to the
minimum energy conformer (Table 1) [19]. A compari-
Scheme 1
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Table 1. Relative energies of intermediates and transition states on the potential energy surfaces of protonated glycine (298 K, in
kcal mol21)a
Structure
B3LYP/6-31G* QCISD(T)/6-311G**b MP2/6-31G*
DH DG DH DG DH DG
1 0.0 0.0 0.0 0.0 0.0 0.0
1a 5.2 4.0 3.8 2.3 3.9 3.4
1ats 8.2 9.4 6.6 7.8 7.1 8.4
1b 41.3 38.5 34.9 32.2 38.9 36.3
1bts 41.4 39.1 35.6 33.3 38.5 37.2
1c 24.1 17.7 9.4 2.9 18.0 11.1
1cts 41.1 38.3 33.2 30.3 38.8 36.0
1d 27.0 13.6 11.3 22.0 21.2 7.8
1e 41.3 27.6 24.9 11.2 35.2 21.0
1f 49.8 28.6 30.5 9.3 43.5 21.9
2a 5.2 3.8 3.8 2.3 3.9 3.4
2ats 40.8 40.7 41.7 41.5 39.7 38.9
3a 28.4 28.3 28.5 28.4 34.3 34.2
3ats 28.2 28.9 28.0 28.7 34.1 35.2
3b 41.3 38.5 34.9 32.1 38.7 34.2
3bts 74.6 74.5 75.4 75.3 79.0 36.0
3c 23.7 17.4 9.5 3.2 18.0 11.1
3cts 41.1 38.3 33.2 30.3 38.8 36.0
4a 27.1 26.3 26.6 25.8 32.1 31.5
4a( 27.3 27.2 31.7 27.0 32.5 32.6
4a(ts 27.6 27.6 27.5 27.5 33.1 33.3
4ats 27.8 28.1 26.5 26.9 32.3 33.4
4b 39.3 36.2 34.4 31.3 —d —d
4b* —c —c —c —c 38.0 34.5
4b(ts 73.8 73.6 73.8 73.5 77.5 77.5
4b*ts —c —c —c —c 37.6 34.5
4bts 74.1 73.6 73.4 72.8 77.3 76.9
4c 31.6 24.6 16.1 9.1 18.0 11.1
4cts 40.5 36.5 33.6 29.6 39.4 34.8
4d 54.4 52.1 49.1 46.7 59.4 57.0
4dts 57.2 55.3 51.5 49.6 63.1 61.4
4e¢5d(¢7c 76.5 65.1 67.6 56.1 82.2 70.2
5a 8.4 8.5 8.8 8.9 9.6 8.7
5ats 13.8 14.1 13.4 13.6 14.5 14.6
5b 218.1 222.2 216.1 220.1 221.7 225.9
5b*¢6a 15.7 16.4 16.9 17.6 —d —d
5b*ts 14.3 15.5 15.8 17.0 —d —d
5bts 74.0 72.9 78.4 77.3 77.5 76.8
5c 210.3 220.5 28.8 219.0 213.3 223.5
5c* 58.0 55.6 50.3 47.9 62.0 59.5
5c( 62.7 59.8 55.2 52.3 —d —d
5c*ts 69.8 67.0 61.7 59.0 75.7 72.9
5d* 9.1 6.7 8.5 6.1 12.1 9.8
5d*ts 88.5 86.0 85.0 82.5 92.9 90.4
5e*¢6b¢8b 29.5 18.1 26.5 15.1 31.6 20.3
6ats 40.7 40.6 39.9 39.8 46.4 46.5
6bts 103.1 99.7 107.0 103.5 —d —d
7a 31.8 31.6 31.4 31.2 37.2 37.2
7ats 41.4 40.7 41.0 40.3 47.9 47.9
7b 49.8 46.6 49.6 46.4 58.8 55.8
7bts 63.4 59.6 60.7 56.9 71.0 68.8
8a 25.0 19.9 22.9 17.8 27.0 22.2
8ats 95.6 92.7 98.3 95.4 102.4 98.8
9a 8.5 5.1 7.9 4.5 21.0 17.5
9ats 91.8 91.1 93.9 93.2 98.4 98.1
aThe B3LYP/6-31G* and MP2/6-31G* energies are derived from fully optimized stationary points and include scaled ZPE corrections from analytical
vibrational frequency analyses. Thermal corrections from the vibrational frequency analyses are included to provide DH and DG values at 298 K. All
energies are relative to structure 1 and the geometries are depicted in Figures 1 to 6.
bThe B3LYP/6-31G* geometries were used for the QCISD(T)/6-311G** single point energy calculations. The ZPE and thermal corrections were used
from the B3LYP vibrational frequency calculations.
cNot a stationary point on the B3LYP/6-31G* potential energy surface.
dNot a stationary point on the MP2/6-31G* potential energy surface.
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son of the relative energies in Table 1 demonstrates that
there is reasonable agreement between the energies
derived from the three methods (except for the loose
complexes). There has been reasonable evaluation of the
accuracy of B3LYP [14, 20] and MP2 [13] methods for
potential energy surfaces.
The structures and energetics presented in the fol-
lowing pathways for the ion complexes and infinitely
separated species were extracted from the lowest en-
ergy conformers. The absolute enthalpies and free en-
ergies of all stationary points are provided in the
supporting information along with the cartesian coor-
dinates for each species. The B3LYP/6-31G* energies
(D298H) will be discussed below, unless noted other-
wise, and the figures display the D298G values.
Results and Discussion
A detailed understanding of the experimentally ob-
served fragmentations of protonated glycine requires a
knowledge of which of the [M 1 H]1 isomers are more
susceptible to bond cleavage (fragmentation). In order
to gain insights in the nature of the process(es) involved
in the formation of the iminium ion (D) in the gas phase
unimolecular chemistry of protonated glycine, we have
calculated the key species on the reaction coordinates
relevant to the dissociation channels shown in path-
ways A to C as depicted in Scheme 1.
It is now generally accepted that the most stable
[M 1 H]1 species is the N-protonated form (1) of
glycine [4, 6, 9, 12]. In this structure, one of the N–H
bonds is syn to the carbonyl double bond (however, the
MP2/6-31G* structure has the N–H bond rotated
slightly (17°) away from the syn orientation). Rotation of
the ammonium group to position the N–H bond anti to
the carbonyl double bond yields a second minimum at
low levels of theory; however, this structure is actually
a rotational transition state at both B3LYP and MP2
levels. Some papers have reported that the anti species
was a minimum at the MP2 level, but in those cases,
MP2 frequency calculations were not performed on the
MP2 optimized geometries [9, 12c, 12d, 21].
The minimum energy conformer (1) was found to be
linked to nine possible pathways as shown in Figure 1.
We will discuss these pathways in relation to the final
product that is formed for each group. A summary of
relative energies calculated for each structure is pro-
vided in Table 1 as D298H and D298G (in kcal mol
21)
relative to the global minimum, 1.
Figure 1. Initial steps for the nine major pathways for the decomposition of protonated glycine. All
energies are listed as relative D298G (kcal mol
21) to structure 1, and the free energies are listed at the
optimized B3LYP/6-31G* (top, normal), QCISD(T)/6-311G**//B3LYP/6-31G* (middle, in parenthe-
ses), and optimized MP2(fc)/6-31G* (bottom, in brackets). The asterisks denote that a corresponding
MP2(fc)/6-31G* stationary point does not exist for pathway 6.
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Loss of [CO 1 H2O] via Pathway A
Structure 1a, which is the same as 2a, can be generated
from 1 by two possible pathways: a high energy proton
transfer via 2ats or a lower energy rotation about the
C–C bond via 1ats (Figure 1). Structure 1a can then
proceed, via a late transition state, to transfer the proton
from the charged ammonium group to the hydroxyl
functionality (via 1bts) and results in the immediate
loss of water to form the complex 1b (Figure 2). The
further loss of CO from 1b requires so little energy that
the transition state is calculated to have a slightly lower
energy when incorporating the thermal and free energy
corrections to the base B3LYP/6-31G* and/or MP2/6-
31G* energies. (Of course, the uncorrected DE for the
transition states are actually slightly higher in energy
than the product of the reaction.) From the
[CH2¢NH2
1 . . . H2O . . . CO] complex 1c, CO or H2O can
then be separated to provide a variety of partially or
fully separated ions. Loss of CO from the triplex 1c is
found to be the most favorable pathway available for
further decomposition and results in the
[CH2¢NH2
1 . . . H2O] complex, indicating that 1c will
preferentially dissociate to 1d. From 1d, given appro-
priate energy, further decomposition to the iminium ion
can occur.
Three other routes to formation of the iminium ion
via loss of H2O and CO are possible. One of these routes
can proceed through a simultaneous proton transfer
and rotation of the –C(OH)2 group (3ats) from the
minimum energy structure (1), as shown in Figure 1.
This proton transfer from the minimum energy struc-
ture to species 3a has been previously reported by
Zhang and Chung-Phillips [12g] at the MP2/6-3111G**
level. Structure 3a can then proceed through a 74.6 kcal
mol21 (B3LYP/6-31G*) proton transfer pathway to lose
water (in 3b) and then a subsequent CO loss to form a
second [CH2¢NH2
1 . . . H2O . . . CO] (3c) complex of ap-
proximately the same energy as complex 1c (Figure 2).
We should note that there is a significant difference
between the B3LYP and QCISD(T) energies for 1c and
other ion–molecule complexes and is due to the geom-
etry of these “loose” complexes with the more flexible
basis set in the QCISD(T) single point energy calcula-
tion [19].
A third and fourth route to H2O and CO formation
arise from pathway 4. Transition state 4ats (Figure 1)
occurs via a simultaneous proton transfer to the car-
bonyl oxygen and rotation of the –C(OH)2 group to
yield structure 4a. As depicted in Figure 3, 4a can then
proceed in two directions to yield the same products. A
74.1 kcal mol21 barrier (via 4bts) must be overcome to
lose water from the protonated glycine, leading to
structure 4b on the B3LYP surface and 4b* on the MP2
surface. [Species 4b* must undergo an inversion at
nitrogen (via 4b*ts) before proceeding to 4b, but the
overall barrier is similar (77.5 kcal mol21) at the MP2
level.] Loss of CO from 4b forms another
[CH2¢NH2
1 . . . H2O . . . CO] complex (4c), which is
slightly higher in energy than the complex (1c) derived
from pathway 1. Inversion of the amine hydrogens on
Figure 2. The decomposition of protonated glycine to yield the iminium ion along pathways 1 and
3 from Figure 1. All energies are listed as relative D298G (kcal mol
21) to structure 1, and the free
energies are listed at the optimized B3LYP/6-31G* (top, normal), QCISD(T)/6-311G**//B3LYP/6-
31G* (middle, in parentheses), and optimized MP2(fc)/6-31G* (bottom, in brackets).
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4a to structure 4a( (via 4a(ts) can also proceed to 4b via
a transition state 4b(ts, which is similar in structure and
energy to the 4bts described previously (Figure 3).
Of the four routes leading to the effective loss of H2O
and CO, pathway 1 is the most probable route because
the highest activation enthalpy for this process is pre-
dicted (B3LYP/6-31G*, D298H) to be only 41.4 vs. 73.6
kcal mol21 in the other routes (Table 1). Also, the
energetics of this route are the most consistent with
those predicted by Wesdemiotis et al. [3f] as well as the
experimental upper-limit estimate of 44.4 kcal mol21
[6]. Indeed, pathway 1 would undergo a free energy of
activation of 39.1 kcal mol21 (via 1bts) leading to
product 1b with a relative free energy of 38.5 kcal mol21
at the B3LYP/6-31G* level of theory. The QCISD(T) and
MP2 energies are similar, but slightly smaller for the
key 1bts step (Table 1). All of these values are in
excellent agreement with the experimental upper limit
[6]. The overall calculated reaction endothermicity (28.6
kcal mol21, B3LYP) for the formation of the fully
separated iminium ion, H2O and CO as products is also
in good agreement with the experimental value (32.8
kcal mol21) [7].
Based on heat of formation estimates by Wesdemi-
otis and co-workers [3f], an additional 57.8 kcal mol21
would be necessary to pass through a transition state
for CO loss. We attempted numerous times to find a
transition state corresponding to the direct loss of CO
from 1c, but these attempts were unsuccessful. In
addition, Wesdemiotis [3f] suggested that the
[CH2¢NH2
1 . . . H2O] complex 1 CO product would
be endothermic by only 12.9 kcal mol21 based on the
heat of formation estimates. This predicted value is
similar to the free energy (D298G) of 13.6 kcal mol
21
calculated at the B3LYP level for the complex 1d, but
the calculated relative enthalpy (D298H) for the complex
was 27.0 kcal mol21 at the same level of theory. Two
other studies have calculated the relative energies of the
dissociation products. Based on the calculations of
Wesdemiotis and co-workers [3f], Hoppilliard et al.
predicted that the final products would lie 8 kcal mol21
(MP2/6-31G*//3-21G without zero-point energy cor-
rections) above the energy of the most stable form of
N-protonated glycine [3j]; whereas Kebarle and co-
workers [6] predicted a value of 9 kcal mol21 at the
HF/3-21G level. There is good agreement between
these previous studies, and our QCISD(T)/6-311G**//
B3LYP/6-31G* results (Table 1).
Additionally, pathway 1 is similar to that presented
previously by Uggerud [12f], whose potential energy
surface was calculated at the MP2/6-31G** level. How-
ever, the previously calculated surface is actually com-
prised of structures from two of the routes that we have
calculated and would be the equivalent of 13 [1bts]3
4b 3 [1cts] 3 1c. This difference may be due to either
the slightly higher basis set employed or because the
Figure 3. The decomposition of protonated glycine to yield the iminium ion along pathway 4 from
Figure 1. All energies are listed as relative D298G (kcal mol
21) to structure 1, and the free energies are
listed at the optimized B3LYP/6-31G* (top, normal), QCISD(T)/6-311G**//B3LYP/6-31G* (middle,
in parentheses), and optimized MP2(fc)/6-31G* (bottom, in brackets). The lines denote that a
corresponding B3LYP/6-31G* stationary point does not exist.
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verification of the transition states (via intrinsic reaction
coordinate searches [16]) was carried out only on the
Hartree–Fock (HF) optimized geometries and not on
the actual MP2 transition state geometries. The latter
case is most likely due to the significant differences
between the geometries derived from HF and those
from electron correlation methods (see below) [12g]. We
also note that the lowest energy complexes for the
[CH2¢NH2
1 . . . H2O] or [CH2¢NH2
1 . . . CO] structures
were not presented in [12f].
Loss of (HO)2C and HC(¢O)OH via Pathways B
and C
Now, let us consider pathways leading to carbene or
formic acid generation. In addition to iminium ion
formation via loss of H2O and CO, species 4a( (Figure 3)
can follow a high energy fragmentation pathway (4dts)
to yield singlet dihydroxycarbene, and this pathway is
represented in Figure 4. To traverse 4dts, 57.2 kcal
mol21 (D298H, B3LYP) is needed.
In Figure 1, we demonstrated that structure 5a can be
formed from the global minimum 1 by a rotation of the
hydroxyl group (5ats) at both B3LYP and MP2 levels as
well as via 6ats at the MP2 level. This geometry can then
rearrange to structure 6a via direct proton transfer from
the amine to the carbonyl oxygen to form structure 5b*
(Figure 4). As indicated by the asterisks, none of these
structures exist as minima at the MP2 level. Zhang and
Chung-Phillips [12g] have similarly noted that this
pathway does not exist at the MP2/6-3111G** level, but
such a mechanism does exist at the HF/6-3111G**
level.
The direct loss of dihydroxycarbene from 5b* (via
5c*ts) is shown in Figure 5 and proceeds with a 67 kcal
mol21 barrier. Once again, the MP2 surface proves to be
slightly different from that calculated at the B3LYP
level. Structure 5c*ts leads to structure 5c( at the B3LYP
level and 5c* at the MP2 level. Rearrangement of 5c* to
formic acid can then occur via an 88.5 kcal mol21 barrier
(D298H, B3LYP). Direct loss of formic acid from 5b* is
predicted to proceed over a 100 kcal mol21 barrier via
6bts. The product complex for this dissociation could
not be optimized to complete convergence, and the
dissociation proceeds to an infinite separation of the
iminium ion and formic acid.
Another pathway for carbene formation is described
by pathway 7 (Figure 1). Formation of 7a from the
minimum energy structure (1) occurs via a simulta-
neous proton transfer from the ammonium group
with rotation about the carbonyl oxygen. Species 7a
can then lose dihydroxycarbene to form the
[CH2¢NH2
1 . . . (HO)2C] complex 7b (Figure 6). Struc-
ture 7b is the lowest energy complex formed for the
carbene, but the free energy of activation for the process
is slightly higher than that of pathway 4 (Figure 4).
From the heats of formation (DfH) data presented by
Wesdemiotis et al. [3f], we find that a relative enthalpy
for formation of the iminium ion and dihydroxycarbene
would be endothermic by 63.6 kcal mol21. This is
somewhat consistent with the calculated free energy of
65.1 kcal mol21 for 4e (same as 5d( and 7c) and a relative
Figure 4. The decomposition of protonated glycine to yield the methylammonium ion (CH3NH3
1)
along pathway 5 or the iminium ion and dihydroxycarbene/formic acid along pathway 4 from Figure
1. All energies are listed as relative D298G (kcal mol
21) to structure 1, and the free energies are listed
at the optimized B3LYP/6-31G* (top, normal), QCISD(T)/6-311G**//B3LYP/6-31G* (middle, in
parentheses), and optimized MP2(fc)/6-31G* (bottom, in brackets). The asterisks denote that a
corresponding MP2(fc)/6-31G* stationary point does not exist.
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enthalpy of 76.5 kcal mol21 (B3LYP) for the same
structure.
The direct formation of formic acid from the mini-
mum energy structure (1) is demonstrated in pathways
8 and 9 (Figures 1 and 6) and is another process with an
extremely high activation barrier (95 kcal mol21).
Methylammonium and CO2 Pathway
A final pathway leading to methylammonium ion
(CH3NH3
1) and carbon dioxide remains to be discussed.
Structure 5a can arise from rotation of the hydroxyl
group of structure 1 and has a 13.8 kcal mol21 energy
barrier (D298H, B3LYP, via 5ats) which is typical for an
ester/acid E-Z rotation [22] (Figure 1). Figure 4 shows
that structure 5a can fragment the C–C bond concomi-
tant with proton transfer from the hydroxyl moiety to
the carbon adjacent to the ammonium group. This
process (via 5bts) must overcome a barrier of 74.0 kcal
mol21 (D298H, B3LYP) before forming the complexed
product 5b, which is the most exothermic (218.1 kcal
Figure 5. The decomposition of protonated glycine to yield the iminium ion and dihydroxycarbene/
formic acid along pathways 5 and 6 from Figure 1. All energies are listed as relative D298G (kcal mol
21)
to structure 1, and the free energies are listed at the optimized B3LYP/6-31G* (top, normal),
QCISD(T)/6-311G**//B3LYP/6-31G* (middle, in parentheses), and optimized MP2(fc)/6-31G* (bot-
tom, in brackets). The asterisks denote that a corresponding MP2(fc)/6-31G* stationary point does not
exist.
Figure 6. The decomposition of protonated glycine to yield the iminium ion and dihydroxycarbene/
formic acid along pathways 7 and 8 from Figure 1. All energies are listed as relative D298G (kcal mol
21)
to structure 1, and the free energies are listed at the optimized B3LYP/6-31G* (top, normal),
QCISD(T)/6-311G**//B3LYP/6-31G* (middle, in parentheses), and optimized MP2(fc)/6-31G* (bot-
tom, in brackets).
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mol21) and exoergic (222.2 kcal mol21) product chan-
nel thus far.
Conclusions
The results of this study clearly indicate that the loss of
the combined elements of H2O and CO (pathway A in
Scheme 1) is not only thermodynamically favored over
the alternative formic acid or (HO)2C loss processes
(pathways B and C in Scheme 1) but is also the most
kinetically favored with a free energy of activation
barrier of 39.1 kcal mol21 at the B3LYP/6-31G* level.
As the CH3NH3
1 pathway has not reported experi-
mentally, it can be concluded that processes requiring
this much activation energy (;75 kcal mol21) do not
occur under typical experimental conditions. Therefore,
the high energy routes leading to formic acid and
pathways producing H2O and CO via proton transfer
from one oxygen to another should also not occur in
any measurable quantity. Pathways leading to dihy-
droxycarbene also have high energy transition states
and result in products that are endoergic by as much as
60 kcal mol21. (Of course, the triplet carbene as a
product would be even more endoergic.) Still, evidence
would suggest that the only feasible route is that of
pathway 1, leading to formation of the iminium ion,
water, and carbon monoxide. This pathway would
provide structures consistent with the loss of CO and
the loss of CO and H2O.
In general, the calculated energies for the B3LYP/6-
31G*, MP2/6-31G*, and QCISD(T)/6-311G**//
B3LYP/6-31G* levels are consistent from structure to
structure, with the exception of the iminium ion, H2O,
and/or CO complexes (Figures 2 and 3). In these
instances, there is approximately a 15 kcal mol21 differ-
ence between the energies calculated at the B3LYP level
and those calculated at the QCISD(T) level, and is
probably due to the more extensive basis set in the
QCISD(T) calculation and the “loose” structures for the
ion–molecule complexes.
These results also demonstrate the value of theory in
predicting the most likely fragmentation pathways in
situations where the neutral fragmentation products of
a MS/MS experiment are not readily detected. Our
results also have implications in terms of the gas phase
synthesis of protonated glycine, which is of interest as a
precursor to neutral glycine in the interstellar medium
[23]. Note that these reactions are the reverse reactions
to those which we have studied, whereby a large ion is
built up from smaller ionic and neutral species. It comes
as no surprise that the reaction of CO2 with CH3NH3
1
fails to yield protonated glycine [24] because our results
indicate that such a reaction is impeded by a high
barrier (to surmount 5bts in Figure 4). Therefore it
seems likely that any “ion–molecule” synthesis would
involve using the iminium ion, CH2¢NH2
1 (which is
detected in the interstellar medium), as a starting reac-
tant ion. Reactions involving the addition of both H2O
and CO in sequential steps seem unlikely, leaving the
reaction of dihydroxycarbene as the only alternative. A
significant challenge to any gas phase synthesis of
protonated glycine would be the characterization of the
product, because there are several cluster ions
[CH2¢NH2
1 . . . H2O . . . CO] which are isomeric with
covalent protonated glycine structures. If these frag-
ment in a similar fashion under MS/MS conditions to
the covalent structures, then alternative methods of
characterization may be required. One such method
might involve the use of ion–molecule reactions such as
proton transfer reactions or H/D exchange. The latter
method is perhaps the most attractive since Lebrilla has
shown that these types of reactions are useful probes of
the structure of protonated amino acids [25].
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